The causes and consequences of vertebrate natal dispersal have been studied extensively, yet little is known about the molecular mechanisms involved. We used RNA-seq to quantify transcriptomic gene expression in blood of wild yellow-bellied marmots (Marmota flaviventer) prior to dispersing from or remaining philopatric to their natal colony. We tested 3 predictions. First, we hypothesized dispersers and residents will differentially express genes and gene networks since dispersal is physiologically demanding. Second, we expected differentially expressed genes to be involved in metabolism, circadian processes, and immune function. Finally, in dispersing individuals, we predicted differentially expressed genes would change as a function of sampling date relative to dispersal date. We detected 150 differentially expressed genes, including genes that have critical roles in lipid metabolism and antigen defense. Gene network analysis revealed a module of 126 coexpressed genes associated with dispersal that was enriched for extracellular immune function. Of the dispersal-associated genes, 22 altered expression as a function of days until dispersal, suggesting that dispersal-associated genes do not initiate transcription on the same time scale. Our results provide novel insights into the fundamental molecular changes required for dispersal and suggest evolutionary conservation of functional pathways during this behavioral process.
INTRODUCTION
Natal dispersal, the permanent movement of an individual from their birth site to a new site, is a complex trait influenced by morphology, physiology, and behavior (Clobert et al. 2001) . In vertebrates, one sex is typically philopatric, but even for the less dispersing sex there is substantial variation in the likelihood of dispersal (Greenwood 1980; Clutton-Brock and Lukas 2012) and a wide variety of both internal and external factors influence this variation. Internal factors such as mass and body condition (Nilsson and Smith 1985; Meylan et al. 2002; Barbraud et al. 2003) , hormones such as testosterone and glucocorticoids (Woodroffe et al. 1993; Silverin 1997 ; reviewed by Dufty and Belthoff 2001) , behavioral traits (Dingemanse et al. 2003; Cote and Clobert 2007 ; reviewed by Cote et al. 2010) , and additive genetic variance (Doligez and Pärt 2008) as well as external forces such as population density (Matthysen 2005) , breeding opportunities (Pruett- Jones and Lewis 1990; Alberts and Altmann 1995; Pope 2000) , habitat quality (Lin and Batzli 2001; Ekernas and Cords 2007) , and social relationships (Bekoff 1977; Gese et al. 1996) may affect an individual's decision to disperse.
There are many important consequences of dispersal. On the population level, it can drive ecological and evolutionary dynamics through gene flow, genetic subdivision, and distributional extent (Chepko-Sade and Halpin 1987; Clobert et al. 2001; Duckworth and Badyaev 2007) . For an individual, leaving the natal colony is one of the most profound and potentially costly events to occur in one's lifetime (Smale et al. 1997) . Dispersers leave a familiar environment to potentially face a heightened risk of predation (Van Vuren and Armitage 1994; Yoder et al. 2004 ), physical attacks from unfamiliar conspecifics (Soulsbury et al. 2008) , and exposure to novel pathogens in new environments (Srygley et al. 2009; Bonte et al. 2012) .
The many risks that individuals may face during dispersal are not trivial; thus, we expect that dispersers may likely prepare physiologically for them. However, little is known about the physiology underlying dispersal in vertebrates. Insects can display dramatic dispersal polymorphisms due to alternative life-history strategies, including winged dispersers and sedentary wingless morphs of the same species (Zera and Denno 1997) . Transcriptomic comparisons of these morphs have revealed underlying coordinated physiological strategies, where dispersers significantly up-regulated genes involved in cellular energy production, metabolism, and muscle building (Brisson et al. 2007; Vellichirammal et al. 2014 ), yet it remains unknown whether the observed gene expression differences are due to somatic requirements or are associated with the dispersal behavior itself.
Studies examining gene expression during dispersal are limited, but the molecular pathways involved in seasonal migration are well studied. Since dispersal and migration both require endurance for long distance travel, occur at discrete times of year, and incur many of the same risks, the physiological condition necessary for these 2 life-history events may be somewhat analogous (Liedvogel et al. 2011) . Genes involved in metabolism and mobilization of cellular energy stores, especially lipids, are commonly differentially expressed (DE) between migratory phenotypes. Metabolic gene expression is significantly higher in migratory versus nonmigratory birds (Boss et al. 2016; Fudickar et al. 2016) and butterflies (Zhu et al. 2009 ), winged aphids and crickets (Brisson et al. 2007; Vellichirammal et al. 2014) , and moths that experimentally fly long vs. short distances (Jones et al. 2015) . Lipids are the primary source of energy during migration, so it is not surprising that genes involved in lipid metabolism are altered during long periods without food (Blem 1980; Jenni and Jenni-Eiermann 1998; Jeffs et al. 1999) . Genes that dictate circadian processes are also known to be important aspects of migration phenology for invertebrates (Zhu et al. 2009 ) and vertebrates (Boss et al. 2016; Johnston et al. 2016) .
Yellow-bellied marmots (Marmota flaviventer) are an excellent system in which to study the molecular pathways involved in vertebrate dispersal because the timing of dispersal is highly predictable (Blumstein et al. 2009; Armitage 2014) and sex-biased differences in dispersal allow a case-controlled approach. In late June to early July of their second summer (as yearlings), nearly all males and approximately 50% of females disperse to new areas outside of their mother's home range (hereafter called dispersers; Van Vuren 1990; Armitage 2014) . The remaining 50% of female yearlings never leave their natal site, are recruited into the matriline, and breed in the group for the remainder of their lives (hereafter, residents). A female's affiliative social relationships with other females in her natal colony, particularly matriarchs (her mother, older sisters) explain variation in dispersal (Blumstein et al. 2009; Armitage et al. 2011) . As predicted by the social cohesion hypothesis (Bekoff 1977) , females that engage in more affiliative behaviors with kin are less likely to disperse (Blumstein et al. 2009 ).
Sociogenomics is an emerging field that identifies the genes that are subject to social-environmental regulation (Robinson et al. 2005) . In vertebrates, social stress can lead to persistent changes in gene expression and often results specifically in an up-regulation of proinflammatory genes and down-regulation of antiviral, innate immune response genes (Cole 2014; Turecki and Meaney 2016) . This conserved transcriptional response to the social environment has been observed across many vertebrates, including laboratory rodents (Avitsur et al. 2006; Wu et al. 2014) , captive primates (Cole et al. 2012; Tung et al. 2012; Snyder-Mackler et al. 2016) , and humans (Cole 2014; Fredrickson et al. 2015) . Because dispersing female marmots are significantly less socially integrated than their philopatric counterparts, we expected an analogous up-regulation of antibacterial, proinflammatory genes in less socially integrated dispersers.
To evaluate the molecular pathways associated with dispersal, we conducted RNA sequencing (RNA-seq) of circulating blood cells in female yearling yellow-bellied marmots that either subsequently dispersed or remained residents in their natal colony. We used 2 methods to identify the genes associated with dispersalone testing for differential expression of individual genes across the genome using linear mixed models, and a second network analysis identifying groups ("modules") of genes that were highly coexpressed across samples (Zhang and Horvath 2005; Oldham et al. 2008) which were then tested for correlation with dispersal. Coexpression of genes suggests they are involved in similar biological processes (Weston et al. 2008; Parikshak et al. 2015) , facilitating an understanding of how genes coordinate to achieve a complex phenotype on a more inclusive level than individual genes. Because environmental variation makes gene expression difficult to interpret in natural systems, we collected RNA from all individuals in this population as frequently as possible in order to increase our power of detection and to look at expression profiles across multiple time points. Based on known molecular profiles of dispersing and migratory phenotypes, we tested 3 hypotheses: 1) dispersing and resident marmots differentially express genes prior to the dispersal event; 2) lists of dispersal-related genes are enriched for the biological processes of lipid metabolism, circadian processes, and extracellular pathogen defense; and 3) genes from these lists are likely beneficial in preparing for dispersal, so genes up-regulated in dispersers should increase expression as the date of dispersal approaches.
METHODS

Study system
We studied wild yellow-bellied marmots near the Rocky Mountain Biological Laboratory in Gunnison County, Colorado from 2013 to 2015. Marmots hibernate over-winter and are active from approximately mid-May to mid-September (Blumstein et al. 2004) . Each year, we livetrapped this population throughout the active season to collect samples, affix ear tags, and apply unique dorsal fur marks for individual identification from afar (Blumstein 2013) . We observed 8 colonies during morning and afternoon peak hours of marmot activity (Armitage 1962 ) and recorded the date, time, and location of behaviors observed as done previously (Blumstein et al. 2009 ). In general, each site was under continuous observation during periods of peak marmot activity throughout the active season and most individuals were observed daily, allowing us to identify when yearlings dispersed from the natal colony as done previously (Blumstein et al. 2009 ).
Behavioral observations
Dispersers leave during their second summer (as yearlings), approximately when young of the year emerge from their natal burrows (Armitage 1991 (Armitage , 2014 . Since pup emergence dates vary across years and colony sites, we defined dispersers as those that were observed or trapped earlier in the summer and were not seen later that year up to 10 days after the date of a colony site's first pup emergence (as in Blumstein et al. 2009 ). We acknowledge that some disappearances may have been due to undetected mortality and not dispersal. However, there is minimal risk in this assumption as previous work in this population has shown high rates of survival in both dispersing (0.73) and resident female yearlings (0.87; Van Vuren and Armitage 1994) . We defined dispersal date as the last date an individual was observed or trapped at its natal colony. Animals known to have died during the year of sampling and those that returned to their natal colony after a prolonged absence were excluded from all analyses.
RNA sampling and sequencing
During each yearling capture, we collected 1 mL whole blood and preserved it in 2.5 mL PAXgene TM Blood RNA solution (PreAnalytiX, Qiagen, Hombrechtikon, Switzerland) . This resulted in RNA samples from 43 distinct female marmots (35 individuals sampled once and 8 sampled on 2 or more occasions), yielding a total of 43 samples analyzed (one per individual). To comprehensively evaluate the temporal effects of dispersal on gene expression, we would have had to repeatedly sample RNA of dispersing individuals prior to the dispersal event. However, because most dispersers permanently leave the natal colony within the first 30 days of our trapping season, we rarely trapped dispersing individuals multiple times (5 of 16 dispersers were sampled twice prior to dispersal and only 4 of these samples had RNA Integrity Number [RIN] >4). Thus, our temporal analysis was constrained to accounting for the number of days between sampling and dispersal for single samples per individual.
We sampled blood because it can be obtained through a minimally invasive approach and it is a useful tissue for exploring a variety of physiological functions. Blood is dominated by nonnucleated red blood cells, consequently, white blood cells or leukocytes are the predominant source of RNA transcripts. Leukocytes are immune cells that defend the body against foreign antigens and thus, blood is an appropriate tissue to study the predicted response to pathogens. Furthermore, leukocytes share approximately 80% of mRNA with other tissues (Liew et al. 2006) , making blood a powerful surrogate for many tissues including brain (Sullivan et al. 2006; Rudkowska et al. 2011; Kohane and Valtchinov 2012) .
Samples were incubated, frozen, and extracted according to PAXgene TM Blood RNA kit manufacturers' instructions. Only samples taken during the dispersal period (up to 10 days after the colony's pup emergence) were included in subsequent steps. We removed globin transcripts using the GLOBINclear TM kit for mouse/rat (Ambion, ThermoFisher Scientific, Waltham, MA) and RNA quality was assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). To preserve statistical power, we excluded any samples with RIN < 4 and globally corrected for RNA degradation by regressing any effect of RIN (as suggested by Gallego Romero et al. 2014) . cDNA libraries were created from isolated messenger RNA (mRNA) using a TruSeq Library Prep Kit v2 (Illumina, Madison, WI), quantified with the KAPA SYBR® Fast qPCR library quantification kit (Kapa Biosystems Inc., Wilmington, MA), and pooled at 8-10 samples per lane. Single-end 100 bp sequencing was performed on Illumina HiSeq2000 (2013 samples) and HiSeq4000 (2014) (2015) platforms at the Vincent J. Coates Genomics Sequencing Laboratory, UC Berkeley, USA.
Read mapping and expression quantification
We trimmed adapters and removed short (<20 base pairs) and lowquality reads (Phred score < 20) using Trim Galore! (Krueger 2015) .
Resulting reads were mapped to the 13-lined ground squirrel (Ictidomys tridecemlineatus) genome (spetri2, GenBank Assembly ID GCA_000236235.1) using TopHat2 v.2.1.0 (Trapnell et al. 2009; Kim et al. 2013 ). These species are estimated to have diverged approximately 8.6 million years ago (Bininda-Emonds et al. 2007; Soria-Carrasco and Castresana 2012) and exhibit sequence divergence of 13.2% (Thomas and Martin 1993) . To maximize uniquely mapped reads, we allowed 8 mismatches, a 10-base pair (bp) gap length, and a 20 bp edit distance between read sequences and the reference genome. We quantified expression of uniquely mapped reads per individual using HT-Seq's "union" mode (Anders et al. 2015) and the squirrel gene annotation file (Ictidomys_tridecemlineatus.spetri2.84.gtf). All statistical analysis hereafter was carried out using R version 3.3.1 (R Core Team 2017). We filtered this dataset to only include protein-coding genes with at least 10 reads in 75% of libraries. We transformed these count data for linear modeling while normalizing according to sequencing depth, gene length, and mean variance across genes using the "voom" function within the LIMMA package (Law et al. 2014; Ritchie et al. 2015) . We then built a Euclidean distance-based network of samples using the "adjacency" function in WGCNA . Samples were designated as outliers and removed from analyses if their connectivity was more than 3 standard deviations (SD) from the mean (as described by Horvath 2011). . When using a reference genome, a significant number of reads can map to multiple locations due to repetitive sequences or paralogous genes (Li et al. 2010; Conesa et al. 2016) . Although the percentage of uniquely mapped reads in our samples (mean of 62 ± 8 SD) was within the range observed in previous studies (e.g., Xiong et al. 2012; Tung et al. 2015; Fraser et al. 2018) , we analyzed this potential batch effect to increase our power to detect a true biological signal. To remove technical variation, we iteratively regressed out batch effects in descending order of correlation with PCs, beginning with the sequence platform. That is, we first removed variation associated with the batch effect with the most significant correlation with a PC (sequencing platform). We then reevaluated the remaining batch effects and again removed variance for the single effect with the highest correlation. We performed this iterative regression until no significant batch effects remained. Cellular composition is also known to influence gene expression in blood samples (Palmer et al. 2006 ). We controlled for this effect by quantifying cell types in blood smears for all RNA samples (detailed methods described in Lopez et al. 2013 ) and regressed the effect of the cell type with the strongest signal to a PC (neutrophils; correlated with PC 4 [r = −0.42, P = 0.0039]). Samples were balanced across sequencing lanes according to colony, disperser status, and sampling date.
Removal of technical variation
Genome-wide discovery analysis
To identify individual genes that were significantly associated with the dispersal phenotype, we created linear mixed models in EMMREML (Akdemir and Godfrey 2015) . Dispersal status (disperser = 1, resident = 0), day of the year, and time of day of blood collection were included as fixed independent effects (to account for seasonal and circadian variation, respectively). To control for heritability of gene expression, we included a random effect of kinship (Wright et al. 2014; Tung et al. 2015) . Dependent variables were the residuals of the gene expression counts after filtering, normalizing, and regressing batch effect variance. For each gene model, we extracted the P-value associated with dispersal and adjusted for multiple hypothesis testing using a false discovery rate approach (q; Storey and Tibshirani 2003) implemented in QVALUE (Storey et al. 2015) . A gene was considered significantly associated with dispersal if q < 0.1.
Gene network analysis
We identified coordinated gene expression patterns in dispersers using a weighted gene coexpression network analysis (WGCNA; Zhang and Horvath 2005; Langfelder and Horvath 2008) . We performed a signed network analysis on gene expression residuals with a soft thresholding power of 14 (to optimize scale-free topology; Zhang and Horvath 2005) , cut height of 0.3, and minimum module size of 50. For each module, we calculated the first PC, or module eigengene (ME) of gene expression, which is the representative expression profile for that module (Oldham et al. 2008) . We considered a module associated with dispersal if its ME was significantly correlated with the trait (P < 0.05).
Gene ontology analysis
To identify which biological functions were significantly over-represented in genes associated with dispersal, we performed a gene ontology (GO) analysis on 3 resulting gene lists: 1) genes identified as up-regulated in dispersers using mixed models; 2) genes found to be down-regulated in mixed models; and 3) genes in network modules significantly associated with dispersal. Using the ground squirrel genome as a reference, we acquired HGNC (HUGO Gene Nomenclature Committee; Gray et al. 2015) gene symbol information using BiomaRt (Smedley et al. 2015) . We identified the enriched biological processes using gProfileR (Reimand et al. 2016) . Queries were the 3 dispersal-related gene lists, background lists included all detectably expressed protein-coding genes, and we set the minimum functional category and intersection sizes to 5. We corrected for multiple testing using the "gSCS" method.
Temporal expression patterns in dispersing marmots
One expectation is that if DE genes are beneficial for dispersal, their expression would be related to the timing of the actual dispersal event. Consequently, we tested whether the transcription of genes associated with dispersal varied as a function of the number of days between sampling and dispersal. As previously mentioned, the optimal study design would have analyzed longitudinal samples from dispersers. However, due to limited opportunities to sample dispersers repeatedly, we focused on single RNA samples from each disperser (n = 16) and calculated the number of days between sample collection and the dispersal date. Observed days until dispersal ranged from 0 to 54 days; that is, some dispersers were sampled on the day they dispersed whereas others were sampled up to 54 days prior to dispersing. We then fitted linear mixed models in EMMREML with days until dispersal as a fixed predictor variable and kinship as a random predictor variable. Again, dependent variables were gene expression residuals and q was set to 0.1, but here we only fitted models for genes determined to be significantly associated with dispersal in the initial mixed model or network analyses.
RESULTS
RNA-seq samples
We sequenced high-quality mRNA from 43 individual female yearlings with known dispersal status (n = 16 dispersers, n = 27 residents). Samples from animals known to have died (n = 2) or that returned after a prolonged absence (n = 1) were excluded from all analyses. Dispersers were sampled between 19 May and 3 July; residents were sampled between 3 June and 10 July across the 3 years. On average, we generated 29 million reads per individual and 62% (18 million) uniquely mapped to the squirrel genome with sufficient quality and length. Of the 22,389 protein-coding genes in the squirrel genome, 11,381 (50.8%) were detectably expressed (≥10 reads in 75% of libraries) and used in subsequent analyses. Clustering analysis revealed no outlier samples.
Genome-wide discovery analysis
Mixed models identified 150 DE dispersal-related genes (q < 0.1; Supplementary Table S1 ). Eighty-one percent (122) are highlighted in Figure 1 . Genes with large fold changes included metabolic genes CPNE7 and EHD4 and proinflammatory genes IL1RL1 and HVCN1.
Gene network analysis
WGCNA identified 18 coexpressed networks containing 50 to 2784 genes per module. Of these, one module of 126 genes (designated the "salmon" module by WGCNA; Supplementary Table S2 ) was significantly and positively correlated with dispersal (correlation = 0.36, P = 0.02), indicating dispersers up-regulated this module of genes compared to residents. Many genes in this module are known to regulate inflammation and immune responses to antigen (e.g., cluster of differentiation [CD] and human leukocyte antigen genes [HLA]) and they show a clear trend of coexpression and up-regulation in dispersers compared to residents (Figure 2 ). This module included several characteristic markers of activated B lymphocytes, including CD19 (the canonical cell surface marker of B cells), CD74, BLK, and MHC class II molecules (HLA-D/ DR). To further highlight the most important genes within this network, we identified the highly-connected nodes, or "hub genes." Intramodular hub genes are often highly associated with a trait of interest (Zhang and Horvath 2005; Geschwind and Konopka 2009 ) and have important roles within a network (Langfelder et al. 2013 ). We conservatively defined hub genes as those with a module membership > 0.8 and a correlation with dispersal > 0.3, resulting in 29 hub genes ( Supplementary Table S3 ). Hub genes were largely associated with immune system response (e.g., MS4A1, HLA-DOB, CD79B) and are particularly characteristic of activated B lymphocytes.
GO analysis
GO analysis of the 122 up-regulated genes revealed categorical enrichment of 33 biological processes ( Supplementary Table S4 ). These enriched categories were primarily composed of metabolic functions (e.g., "primary metabolic process," "organic substance metabolic process") and transcription regulatory processes (e.g., "RNA binding," "regulation of gene expression"). There was no categorical enrichment of biological processes in the 28 down-regulated genes. The 126 salmon module genes were statistically enriched for immunological functions including "B cell receptor signaling pathway," "antigen processing and presentation of peptide antigen," and "MHC class II protein complex binding" ( Supplementary  Table S1 ). Genes involved in these pathways included orthologues of several human leukocyte antigens (HLA-DMA, -DOB, -DPB1, -DRA) and cluster of differentiation genes characterizing B lymphocytes (CD19, CD74, CD79A/B). The overwhelming enrichment of genes associated with antigen defense, and specifically MHC class II processes, confirmed our hypothesis that relative to residents, less socially integrated dispersers activated inflammatory and immunological pathways that protect them from bacterial pathogens. 
Temporal expression patterns in dispersing marmots
The number of days between RNA sampling and dispersal date was normally distributed across the 16 dispersers (range = 0-54 days; mean = 19.6; SD = 15.0; Shapiro-Wilk P = 0.38). We combined the dispersal-associated genes (150 DE genes and 126 network genes with 16 genes identified by both approaches; Table 1 ) and tested whether there was a significant fold change (q < 0.1) as a function of the number of days until dispersal in these 260 genes. Twenty dispersal-associated genes significantly increased expression as the date of dispersal approached, whereas 2 decreased expression (Figure 3 ; Supplementary Table S5 ).
DISCUSSION
Dispersal is a complex behavior that is influenced by multiple factors, including genotype, body condition and social and environmental pressures. We found that prior to dispersal from the natal colony, yellow-bellied marmots activated gene expression in circulating blood cells across numerous pathways and somatic processes. These results echo much of what is known about the genetics of migration and invertebrate dispersal, suggesting that many molecular processes involved in these behaviors are conserved across taxa. Specifically, genome-wide discovery analysis confirmed our a priori hypothesis that genes important for lipid and glucose metabolism would be up-regulated by dispersers. We did not observe evidence of altered circadian or circannual processes prior to dispersal; however, dispersal is not a seasonal or repeated behavior. This suggests that circadian physiological shifts that occur during migration may not apply for a single, undirected dispersal event. As predicted, upregulated genes were statistically enriched for several metabolic processes and we detected an unexpected enrichment of nucleic acid transcription and regulation. These signals may stem in part from the marked transcriptional induction required for immunological activation (i.e., consistent with the activated B cell signature observed below). This over-representation of transcription processes suggests that protein synthesis shifts are also critical in the preparation to disperse. These data provide a molecular framework for understanding the biology of dispersal.
Our 2 approaches produced complimentary and overlapping results. Specifically, 16 individual genes were found to be significantly related to dispersal in both analyses (Table 1) , including several genes that were highly up-regulated in linear models, such as CPNE7, LMO7, and HVCN1 (Figure 1) and genes that were hubs of modules related to dispersal MS4A1, STAP1, and CNN3. Consistent with the activated B cell signature seen in mixed model results, genes in the salmon module were categorically enriched for immune system processes, specifically those related to antigen processing (likely reflecting the marked HLA-D/DR activation molecule signature). Taken together, the 2 methods illustrate that numerous processes are involved in preparing animals to disperse from the natal site.
Metabolism
The genes that dispersers up-regulated were categorically enriched for metabolic processes, as predicted. Although blood is frequently used to detect metabolic conditions in standard comprehensive blood panels, it is not a primary metabolic tissue (Berg et al. 2002) , so this enrichment is correlative. It would be interesting to evaluate metabolic gene expression in liver or kidney of dispersers in systems where these tissues are available, as one would expect an even more pronounced signal in these cells. The gene with the largest fold change in dispersers was CPNE7 (Figure 1) , which is associated with lipid metabolism and food deprivation in chickens (Désert et al. 2008) . Interestingly, a related gene, CPNE4, was also found to be associated with migration in birds (Jones et al. 2008; Ruegg et al. 2014) , though these studies hypothesized this gene was associated with migratory restlessness and not metabolism. EHD4, a highlyconserved gene known to induce ATP hydrolysis and carbohydrate derivative binding in many taxa (Pohl et al. 2000; Naslavsky and Caplan 2011) , is also strongly up-regulated by dispersers. GRK5 is implicated in many aspects of physiology, particularly fat uptake and weight gain and a GRK5 deficiency impairs lipid metabolism . Similarly, MAP3K signaling (including MAP3K4) is important for growth factors, lipid metabolism, and adipogenesis and has a vital role in energy homeostasis in many mammals (Sale et al. 1995; Zhang et al. 2016) . Since dispersers (and animals that migrate) travel long distances in unfamiliar territory, they likely experience unpredictable food sources for extended periods of time. Thus, transcriptional regulation of genes that control lipid metabolism and fat uptake during these life-history phases likely helps conserve the energy required for both long distance travel and food deprivation.
Immune system response
Network analysis revealed coordinated up-regulation of genes that protect the body from extracellular antigens and bacteria, specifically, major histocompatibility complex (MHC) class II genes (Table 2) Examples of genes that significantly increase expression relative to the number of days until dispersal for dispersing marmots (n = 16). PDK3, GRK5, and MAP3K4 are associated with metabolism. CD19, FCRLB, and BC11A are involved in antigen defense. class II (HLA-D/DR). MHC is a cluster of genes found in vertebrates that encodes a complex of receptors expressed on the surface of all somatic cells (Klein 1986 ). These cell surface receptors bind peptides derived from antigens and present them to immune cells to initiate the antigenic response. Whereas MHC class I genes bind intracellular peptides, MHC II deals with extracellular foreign peptides such as bacteria and presents them to specialized immune cells that distinguish between harmful and neutral antigens (Todd et al. 1988) . In conjunction with the up-regulation of multiple B cell activation markers, the observed up-regulation of MHC II molecules suggests that the adaptive immune system may selectively stimulate the antibody-producing B cell subpopulation in advance of the potential microbial challenges associated with dispersal. Nonetheless, the observed B cell inflammatory/immune activation response may not be entirely due to preparation for dispersal. Rather, it may be stimulated in part by differences in the social environment. Dispersing female marmots engage in fewer affiliative interactions with conspecifics (Armitage et al. 2011 ) and are less embedded in their social network than residents (Blumstein et al. 2009 ). Mounting evidence suggests that the social environment alone can regulate major shifts in immunological gene expression profiles (Robinson et al. 2005; Cole 2014 ), which may explain the observed canonical inflammatory repertoire in less social dispersers compared to more social residents.
We observed up-regulation of antigen processing genes within less social dispersers. However, certain individuals clearly do not fit these patterns (Figure 2 ). Some dispersers appear to down-regulate these genes, whereas some residents up-regulate them. Thus, it is also possible that this proinflammatory signal results directly from an individual's exposure to extracellular antigens, leading to increased MHC II activity. Future studies examining gene expression and vertebrate dispersal might incorporate additional immune assays to help clarify the immune system's relationship to this phenotype.
Of the genes we found to be associated with the dispersal phenotype, 22 significantly changed expression as the timing of dispersal neared. Importantly, all genes that increased expression during this time were consistently up-regulated in dispersers compared to residents in the initial models and the 2 that decreased expression were down-regulated in dispersers. In addition, many of these temporal genes are related to functions we predicted would be important for dispersal, including metabolic PDK3, GRK5, and MAP3K4 and immunological CD19, FCRLB, and BC11A (Figure 3) .
We observe that there is a general pattern of increasing immune gene expression as a function of days until dispersal (Figure 2) . The individuals sampled within one week of dispersing (columns on the far right) are largely up-regulated (warmer colors), whereas those sampled well before dispersing display cooler expression profiles that are more similar to resident profiles. All DE genes likely aid in successful dispersal; however, these temporal results suggest that physiological preparation does not occur at a constant rate for all genes. Depending on function and regulatory mechanisms, some genes may ramp up expression to synthesize proteins early on whereas others may change expression immediately before dispersal. This temporal trend is consistent with immune expression driven by individual anticipation of the dispersal event. However, social tension may also be increasing toward the dispersal date and in part, drive the final dispersal decision. Thus, stress from an unstable social environment may help prime the immune system to cope with dispersal in this species. Although it is out of the scope of this study, future research may help disentangle the temporal effects of dispersal and the social environment on gene expression.
Finally, we acknowledge these results should be interpreted with caution for 2 reasons. First, gene expression is notoriously difficult to interpret in samples taken from free-living individuals due to environmental heterogeneity. We have taken all available statistical precautions to identify and control for potentially confounding variables (e.g., technical batch effects, cellular composition, seasonal and diurnal fluctuations, age). However, there certainly may be unrecorded factors (such as health variables and exposure to pathogens) that affect gene expression and add noise to the associations estimated here. The statistical impact of that added noise would be to decrease statistical significance of any observed association with dispersal. As such, the present results may underestimate the true range of transcriptomic alterations associated with dispersal, but heterogeneity per se would not produce spurious statistical significance and lead to false positives in the associations reported here. We advise future expression studies in natural populations to record and control for as many potentially confounding variables as possible. Second, these results are based on blood samples. Circulating blood is composed of numerous cell types that have different functional roles and express genes at different rates (Janeway et al. 2005) . Of the cell types we measured, we found that the proportion of neutrophils explained significant variation in overall gene expression and so we regressed out this effect. Collecting samples at our isolated field site prevented us from assessing compositions of antigen presenting cells through flow cytometry (e.g., dendritic cells, macrophages, and B cells). Thus, cell populations may have shifted prior to dispersal, leading to the observed increased expression of MHC genes. Nevertheless, whether these results are due to fluctuations in cellular composition or simply gene expression changes in the existing cell repertoire, this is the first time a physiological response of this scale has been documented in dispersers.
Our RNA-seq analysis of yellow-bellied marmots provides novel insights about gene expression preparation for dispersal. To our knowledge, we are the first to document expression differences between dispersing and nondispersing vertebrates. Nonetheless, our results are consistent with previous studies of dispersing insects and species that migrate where genes involved in metabolism are typically up-regulated. We have also demonstrated a substantial immunological activation of the B cell component of the adaptive immune system that occurs prior to dispersal and may be regulated in part by the social environment. These findings suggest that physiological mechanisms are evolutionarily conserved across highly divergent taxa that engage in dispersal and migratory behavior. Dispersal incurs many risks and our findings support the idea that some of the associated costs can be reduced through physiological preparation (Clobert et al. 2009 ). Indeed, dispersing marmots experience a negligible decrease in survival rates compared to residents (0.73 vs. 0.87; Van Vuren and Armitage 1994). Thus, these gene regulatory profiles may conceivably represent an evolutionarily conserved anticipatory defense mechanism to reduce the risks associated with this major life-history event.
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